Recent studies showed that soluble annexin A2 dramatically increases tissue plasminogen activator (tPA)-mediated plasmin generation in vitro, and reduces thrombus formation in vivo. Here, we hypothesize that combining annexin A2 with tPA can significantly enhance thrombolysis efficacy, so that lower doses of tPA can be applied in ischemic stroke to avoid neurotoxic and hemorrhagic complications. In vitro activity assays confirmed tPA-specific amplification of plasmin generation by recombinant annexin A2. In a rat focal embolic stroke model, combination therapy with tPA and recombinant annexin A2 protein at 2 h post-ischemia decreased the effective dose required for tPA by four-fold and reduced brain infarction. Combining annexin A2 with tPA also lengthened the time window for thrombolysis. Compared with tPA (10 mg/kg) alone, the combination of annexin A2 (5 mg/kg) plus low-dose tPA (2.5 mg/kg) significantly enhanced fibrinolysis, attenuated mortality, brain infarction, and hemorrhagic transformation, even when administered at 4 h post-ischemia. Combination with recombinant annexin A2, the effective thrombolytic dose of tPA can be decreased. As a result, brain hemorrhage and infarction are reduced, and the time window for stroke reperfusion prolonged. Our present findings provide a promising new approach for enhancing tPA-based thrombolytic stroke therapy.
Introduction
Intravenous administration of recombinant tissue plasminogen activator (tPA) remains the most beneficial proven intervention for emergency treatment of stroke (Adams et al, 2007) . However, hemorrhagic transformation, neurotoxicity, and short treatment time window comprise the major limitations for the thrombolytic therapy (Kaur et al, 2004; Wang et al, 2004; Yepes et al, 2009) . Improving tPA stroke therapy has become one of the highest priorities in the field. Recent efforts have been aimed identifying a new strategy that might increase thrombolytic efficacy of tPA, while reducing its associated hemorrhagic transformation and neurotoxicity (Davalos, 2005) .
In this study, we tested a new approach that combines annexin A2 with low-dose tPA. tPA works by enzymatically converting thrombus-bound plasminogen to plasmin, allowing plasmin to degrade cross-linked fibrin. Annexin A2 is a cell-surface receptor for both plasminogen (the inactive precursor of plasmin), and its activator, tPA (Hajjar and Menell, 1997; Kim and Hajjar, 2002) . The tPA-annexin A2plasminogen triple complex enables lower concentrations of tPA to convert plasminogen to plasmin very efficiently with a maxim of 60-fold increase in catalytic efficiency compared with the same amount of tPA alone (Hajjar and Acharya, 2000; Hajjar and Krishnan, 1999) . Clinically, large amounts of tPA are required to overcome the effects of circulating protease inhibitors, whereas annexin A2 appears to protect tPA from its major antagonist, plasminogen activator inhibitor-1. Recent studies have shown that soluble recombinant annexin A2 (rA2) reduces thrombus formation in rat carotid arteries (Ishii et al, 2001) and middle cerebral arteries in vivo (Tanaka et al, 2007) , indicating that this idea may be feasible. Thus in this study, we hypothesize that combining annexin A2 with tPA can significantly enhance thrombolysis efficacy so that lower doses of tPA can be applied in ischemic stroke, thus abolishing neurotoxic and hemorrhagic complications.
In this study, we tested our hypotheses in a rat model of focal embolic stroke. Results showed that rA2 (5 mg/kg) combined with low-dose tPA (2.5 mg/kg) administered at 2 h after the onset of stroke achieved therapeutic benefits similar to those observed with high-dose tPA alone (10 mg/kg). Moreover, delayed combination therapy with rA2 plus lowdose tPA initiated at 4 h after onset of stroke, also significantly improved outcome, compared with standard high-dose tPA alone at 1 day after stroke, and the combination also showed neuroprotection at 3 days after stroke. These findings provide a promising new approach for enhancing clinical outcome and lengthening the time window for thrombolytic stroke therapy with tPA.
Materials and methods

Preparation of Recombinant Human Annexin A2
Histidine-tagged rA2 was produced in Escherichia coli from a bacterial expression vector containing full-length human annexin A2 cDNA according to the method described earlier (Ishii et al, 2001) . Purity of rA2 was confirmed by SDS-PAGE followed by Coomassie blue staining, and its identity was verified by western blot analysis.
Plasmin Activity Assay
The indicated individual or combined concentrations of rA2, tPA, uPA (100 Units/mL), and BSA were added directly to wells of 96-well culture plate preloaded with N-terminal lysine plasminogen (2.5 mg/mL) and a fluorogenic plasmin substrate, D-Val-Leu-Lys-AMC (200 nmol/L) in a final volume of 100 mL PBS. After incubation at 371C for 30 mins, plasmin generation or activity was read on a fluorescent plate reader at excitation 360 nm and emission 460 nm (Ishii et al, 2001) . The plate readings were expressed as relative fluorescent units for each well, and the final result was represented as fold of plasmin activity generated by tPA or uPA alone.
Animal Models of Focal Embolic Cerebral Ischemia
All experiments were performed following an institutionally approved protocol in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male Wistar rats (280 to 330 g) were used. Animals were anesthetized with 1% to 2% isoflurane under spontaneous respiration in a 30% oxygen/70% nitrous oxide mixture. Rectal temperatures were main-tained between 371C and 381C with a thermostat-controlled heating pad. The right femoral artery was cannulated, and physiologic parameters including rectal temperature, mean arterial blood pressure (MABP), pH, PCO 2 , and PO 2 were monitored throughout all experiments. The right femoral vein was cannulated for drug administration. Focal embolic strokes were induced as described earlier, except for minor modification (Asahi et al, 2000) . One blood clot, 40 mm in length was used. In the appropriate groups, human recombinant tPA (Activase, Genentech Inc, San Francisco, CA, USA) and/or rA2 protein were administered intravenously. An initial 10% bolus was followed by infusion of the remaining drug over 30 mins using a syringe pump. The relatively high dose of tPA was chosen based on the B10-fold difference in fibrinspecific enzyme activity between human and rodent systems (Korninger and Collen, 1981) .
Experiments and Treatment Groups
Three sets of experiments were performed; animals were randomly divided into each group of experiments. All drug treatments and outcome measurements were performed by investigators blinded to the surgical group. The first set of experiment was to test whether rA2 can make low-dose tPA effective in embolic stroke animal model. Two hours after initiation of ischemia, 48 animals (n = 8 per group) were treated intravenously with saline, high-dose tPA (10 mg/kg), intermediate-dose tPA (5 mg/kg), low-dose tPA (2.5 mg/kg), rA2 alone (5 mg/kg), or a combination of low-dose tPA (2.5 mg/kg) plus rA2 (5 mg/kg). Laser-doppler flowmetry (LDF) was used to monitor regional cerebral blood flow (rCBF) for up to 1 h after treatment. Brain infarction and hemorrhage volumes were quantified at 24 h after stroke. Our initial choice of combination doses for tPA (2.5 mg/kg) and rA2 (5 mg/kg) in vivo was based on our in vitro plasmin generation data, whereby combining tPA with rA2 at a 1:2 ratio increased by almost four-fold, the plasmin-generating capability of tPA. The second set of experiment was to test whether the combination is thrombolytically effective in prolonged time window. Fifty-one rats (n = 17 per group) were treated intravenously at 4 h after stroke onset with saline, high-dose tPA (10 mg/kg), or low-dose tPA (2.5 mg/kg) plus rA2 (5 mg/kg). Neurologic outcomes were measured at 24 h after initiation of stroke. The third set of experiment was to test whether the combination can improve neurologic outcomes in longer survival time after stroke. Twenty-eight rats (n = 14 per group) were treated at 4 h after stroke with either saline or low-dose tPA (2.5 mg/kg) plus rA2 (5 mg/kg). Neurologic outcomes were measured at 3 days after stroke. As high-dose tPA treated at 4 h after stroke caused higher 1 day mortality (41%), to avoid unacceptable high mortality, this treatment group was not included in this set of experiment.
to the bregma, thus monitoring rCBF within the middle cerebral artery territory. Preischemic baselines were set as 100% for each rat. Many laboratories including our laboratory have been using rCBF to identify animals with successful embolic middle cerebral artery occlusion, but the thresholds of baseline varied between laboratories. On the basis of our experience and others' published work, rCBF level is reliable to determine successful clot occlusion and correlated to severity of ischemic brain injury (Henninger et al, 2009) . As spontaneously clot lysis may occur, thus in this study we selected a stable r40% rCBF of preischemic baseline at 2 h after embolization, as the exclusion criteria. Our experience and published work have shown the rCBF increase after thrombolysis is correlated to brain infarction when treated at early time (1 to 2 h) after focal embolic stroke in rats (Asahi et al, 2000) . Thus, in 2 h thrombolysis experiments, rCBF was monitored for 2 h after induction of ischemia, and continuously monitored for 1 h after treatment for determining reperfusion. However, with delayed thrombolysis at 4 h, successful reperfusion is more heterogeneous and takes longer to occur, sometimes up to 3 h post-tPA. Prolonged anesthesia for this embolic clot model significantly raises mortality. So for the 4 h thrombolysis groups, continuously monitoring LDF during ischemia (4 h period) and a full reperfusion ( > 3 h) would necessitate anesthesia for over 7 h. This was simply not feasible for our animal model. Hence, LDF was used to monitor only the first 2 h of ischemia to ensure adequate embolic occlusions in these delayed 4 h thrombolysis experiments. Furthermore, others have reported that early LDF poorly predicts delayed reperfusion (Henninger et al, 2009 ), in agreement with our experience for the delayed thrombolysis in the 4-h treatment group.
Analysis of Infarct Volumes
For brain infarction at 24 h after ischemia, rats were killed with a lethal dose of sodium pentobarbital and transcardially perfused to remove all intravascular blood. Coronal brain sections (2 mm thick) were stained with 2.3.5triphenyltetrazolium chloride (TTC, Sigma, St Louis, MO, USA). Infarct volumes were quantified using computerassisted image analysis (Asahi et al, 2000) . To eliminate confounding effects of edema and swelling, the indirect method was used (contralateral volume minus uninfarcted ipsilateral volume). For 3 days brain infarction, frozen sections (interval 2 mm) were stained with hematoxylin and eosin (H&E). Infarction volumes were quantified as described earlier (Zhao et al, 2006) and were expressed as percentage of hemisphere.
Spectrophotometric Assay of Intracerebral Hemorrhage
At 24 h after stroke, TTC-stained brain sections were used for quantification of intracerebral hemorrhage volume with spectrophotometric hemoglobin assay as described earlier (Asahi et al, 2000) .
Analysis of Neurologic Deficits
At 3 days after ischemia, rats were assessed with a 4-point neurologic deficit scale that has been extensively used for rat models of stroke (Bederson et al, 1986 ).
Measurement of Plasma D-Dimer Levels
Plasma levels of D-dimer were assayed on plasma samples diluted 1:2 in an ELISA kit (American Diagnostica Inc, Stamford, CT, USA) according to the manufacturer's instructions.
In Situ Zymography
In situ zymography was conducted to detect and localize enzyme activity in tissue sections following a standard method as described earlier (Aoki et al, 2002) . In brief, at 24 h after stroke onset, 20-mm cryostat brain sections from animals receiving the 4-h delayed treatment were incubated overnight at room temperature with FITC-labeled gelatin (Molecular Probes, Eugene, OR, USA). Reaction products were visualized by fluorescence microscope.
Statistical Analysis
Data were expressed as mean + s.e.m. The w 2 test was used to evaluate differences in mortality. The rCBF levels, infarct volumes, hemorrhage volumes, neurologic score, and D-dimer levels were assessed with ANOVA analysis followed by Tukey-Kramer tests. Differences with P < 0.05 were considered statistically significant.
Results rA2 Amplifies tPA-Mediated Plasmin Generation In Vitro
We synthesized and purified recombinant human annexin A2 protein (rA2) as described earlier (Ishii et al, 2001) . The purity of the rA2 protein was confirmed by SDS-PAGE and western blotting (data not shown). In vitro plasmin activity assays showed rA2 (5 mg/mL) combined with tPA (2.5 mg/mL) significantly amplified tPA-converted plasmin generation, and this action was tPA specific because BSA protein (5 mg/mL) combined to tPA or rA2 combined with uPA did not increase plasmin activity ( Figure  1A ). rA2 combined with tPA significantly amplified plasmin generation in a dose-dependent manner. Equal activity of plasmin can be reached by highdose tPA alone or different combinations with lower doses of tPA with rA2, such as tPA 5 mg/mL versus tPA 1 mg/mL plus rA2 2.5 mg/mL, or tPA 10 mg/mL versus tPA 2.5 mg/mL plus rA2 5 mg/mL. Those data indicated that combining tPA with rA2 at about 1:2 w/v ratio (or 1:4 molar ratio) increased by almost four-fold, the plasmin-generating capability of tPA in vitro. This assay data also indicated amplification of plasmin generation by rA2 plus tPA is predominantly rA2 dose dependent ( Figure 1B) .
rA2 Decreases the Dose of tPA for Focal Embolic Stroke
Because of species differences in fibrin specificity, the equivalent effective dose of human recombinant tPA in rat embolic stroke models is 10 mg/kg, about 10 times higher than the dose used in human (Korninger and Collen, 1981) . Two hours after initiation of ischemia, animals were treated intravenously with saline, high-dose tPA (10 mg/kg), intermediate-dose tPA (5 mg/kg), low-dose tPA (2.5 mg/kg), rA2 alone (5 mg/kg), or a combination of low-dose tPA (2.5 mg/kg) plus rA2 (5 mg/kg). The LDF was used to monitor rCBF for up to 1 h after treatment. Brain infarction volume was quantified at 24 h after stroke. As expected, high-dose tPA (10 mg/kg) significantly improved reperfusion, and also decreased infarct volumes by about 45% (Figures 2A and 2B ). Neither intermediate (5 mg/kg) nor low (2.5 mg/kg) doses of tPA alone, nor rA2 alone were effective for reperfusion improvement and reduction of infarction (Figures 2A and 2B ). However, the combination of low-dose tPA (2.5 mg/kg) and rA2 (5 mg/kg) successfully achieved reperfusion and reduced infarct size, in a manner similar to that observed with high-dose tPA alone (Figures 2A and 2B ).
Low-Dose tPA, in Combination with rA2, Extends the Thrombolytic Window for Treatment of Focal Embolic Stroke in Rats
In the current rat model of embolic focal cerebral ischemia, earlier studies have documented that treatment with tPA is effective only when given within 2 to 3 h of onset of stroke (Morris et al, 2001) . Here, we asked whether combination therapy with tPA plus rA2 can also extend the time window for thrombolysis. At 4 h after stroke onset, three groups of rats were treated intravenously with saline, highdose tPA (10 mg/kg), or low-dose tPA (2.5 mg/kg) plus Figure 1 Effect of rA2 on tPA-dependent plasmin generation in vitro. (A) Plasmin activity was measured as described under Materials and methods and expressed as a ratio to that generated by either 2.5 mg/mL of tPA alone or 100 Units/mL of uPA alone. Concentrations of both rA2 and BSA were 5 mg/mL. Data were expressed as mean + s.e.m., *P < 0.001, n = 4 per group. (B) A range of concentrations of tPA (1, 2.5, 5, 10 mg/mL) with or without the indicated concentrations of rA2 (0, 1, 2.5, 5 mg/mL) were added to wells of 96-well plate. Plasmin activity was represented as fold of plasmin activity related to 1 mg/mL of tPA alone. Data were expressed as mean + s.e.m., n = 4 per group.
Figure 2
Effect of treating rats at 2 h after initiation of ischemia. (A) Two hours after initiation of ischemia, animals were treated intravenously with saline, high-dose tPA (10 mg/kg, H-tPA), intermediate-dose tPA (5 mg/kg, M-tPA), low-dose tPA (2.5 mg/kg, L-tPA), rA2 alone (5 mg/kg), or a combination of low-dose tPA (2.5 mg/kg) plus rA2 (5 mg/kg). Laser-doppler flowmetry was used to monitor regional cerebral blood flow (rCBF) for up to 1 h after treatment. (B) At 24 h after stroke, brain infarction was stained by TTC, and the volume was quantified using computerassisted image analysis. Data were expressed as mean + s.e.m., *P < 0.05 for L-tPA plus rAN, # P < 0.05 for H-tPA, respectively, n = 7 or 8 per group. rA2 (5 mg/kg). At 24 h after initiation of stroke, this combination also significantly reduced infarction volume, compared with either saline controls or rats treated with high-dose tPA alone ( Figures 3B and  3C ). As expected, high-dose tPA administered at the delayed 4 h time point induced significant hemorrhagic transformation at 24 h ( Figures 3C and 3D) .
The combination of low-dose tPA plus rA2 significantly ameliorated the severity of hemorrhagic transformation ( Figure 3D ). Finally, in concert with these beneficial effects on cerebral perfusion, infarction, and hemorrhage, combination therapy of low-dose tPA plus rA2 also reduced mortality. Mortality rates were 24% (4/17) in saline-treated rats and 41% (7/17) in the high-dose tPA group, whereas combination therapy with low-dose tPA plus rA2 significantly reduced mortality to 18% (3/17). In addition, physiologic parameters measured before ischemia, after ischemia, and 30 mins following thrombolysis remained within normal range in all groups ( Table 1) .
Combination of rA2 Plus Low-Dose tPA Increases Plasma Levels of Fibrin Degradation Product D-Dimer
To further evaluate the thrombolytic profiles of animals treated at 4 h after the initiation of stroke, we examined plasma levels of the fibrin degradation product D-dimer. Samples were collected before ischemia, just before thrombolytic therapy, and 1 h after treatment. ELISA showed that plasma levels of D-dimer did not differ from those observed at the prestroke baseline, consistent with the lack of effective thrombolysis. However, both high-dose tPA and low-dose tPA plus rA2 significantly increased D-dimer after thrombolysis for 2.2-fold and 3.2-fold, respectively, and the increase in low-dose tPA plus rA2 combination was significantly greater compared with high-dose tPA-only treatment (Figure 4) . These data indicate that this combination thrombolytic therapy was more effective and specific for fibrinolysis.
Combination of rA2 Plus Low-Dose tPA does not Amplify MMP Activation in the Brain
One of the potential mediators of tPA-associated hemorrhagic complications may be the neurovascular protease matrix metalloproteinases (MMP)-9. In delayed 4 h treatments, MMP activity of brain sections was examined with in situ zymography at 24 h after stroke. Cerebral ischemia increased MMP Figure 3 Effect of treating rats at 4 h after initiation of ischemia. (A) Representative images of brain sections after TTC staining at 24 h after initiating ischemia. At 4 h after stroke onset, three groups of rats were treated intravenously with saline, high-dose tPA (10 mg/kg, H-tPA), or low-dose tPA (2.5 mg/kg, L-tPA) plus rA2 (5 mg/kg). Ischemic infarctions (white color area) were detected in all three groups; however, large areas of grossly visible hemorrhage appeared only on the brain sections of H-tPAtreated rats pointed by arrows. (B) At 24 h after stroke, brain infarction was quantified using computer-assisted image analysis. (C) Volumes of intracerebral hemorrhage ware quantified with hemoglobin assay at 24 h after stroke. Data were expressed as mean + s.e.m., *P < 0.05, n = 13 for saline, n = 10 for H-tPA, n = 14 for the combination. MABP, mean arterial blood pressure; tPA, tissue plasminogen activator. Physiological parameters were measured at 30 mins after thrombolysis at 4 h after the onset of stroke. All measurements remained within normal range in three groups. Mean ± s.e.m. n = 4.
Role of annexin A2 combined with low-dose tPA H Zhu et al activity in the ischemic hemisphere compared with nonischemic hemisphere in all three treatments. By comparing MMP activity on the front cortex of periinfarction areas, we found, as expected, tPA treatment alone showed brighter signals for activated MMP compared with saline treatment, but the combination of low-dose tPA plus rA2 had similar or even slightly less positive signals of MMP activity compared with tPA alone treatment ( Figure 5 ).
Combination of rA2 Plus Low-Dose tPA Improves Neurologic Outcomes at 3 Days After Stroke
To test whether the combination can improve neurologic outcomes in longer survival time after stroke, 28 rats (n = 14 per group) were treated at 4 h after stroke with either saline or a combination of low-dose tPA (2.5 mg/kg) plus rA2 (5 mg/kg). Neurologic outcomes were measured at 3 days after stroke. The combination of low-dose tPA (2.5 mg/kg) plus rA2 (5 mg/kg) significantly decreased neurologic deficits ( Figure 6A ) and brain infarction ( Figure 6B ).
Furthermore, mortality of saline-treated animals (42%, 6/14) was significantly reduced by the combination therapy (21%, 3/14).
Discussion
Recent clinical investigations have shown the potential for improving tPA therapy. For instance, PWI-DWI mismatch in magnetic resonance imaging studies suggest that some individual patients may benefit from treatment beyond 3 h time window, if there is low bleeding risk and salvageable mismatch (Marks et al, 2008; Thomalla et al, 2006) . The ECASS III, a randomized phase III trial to test tPA at 3 to 4.5 h, showed that intravenous tPA given during this time window still improved clinical outcomes in patients with somewhat milder stroke scores (Hacke et al, 2008) . However, there is still a large difference in odds ratios between early reperfusion within 90 mins (B2.8 odds ratio) versus delayed reperfusion (B1.4 odds ratio). The benefits of thrombolysis are still heavily dependent on time to treatment, and use of tPA may still be associated with intracranial hemorrhage and reperfusion injury. Hence, it is imperative that we seek combination therapies to truly broaden the therapeutic window, reduce the risk of tPAassociated hemorrhagic transformation, and enhance thrombolytic efficacy. We believe that the combination of low-dose tPA with rA2 might be promising.
In this study, we tested the hypothesis that combining Annexin A2 with tPA can significantly enhance thrombolytic efficacy so that lower doses of tPA can be applied in ischemic stroke to avoid neurotoxic and hemorrhagic complications. Our results show that this novel approach successfully achieved improvements in thrombolysis, and brain tissue protection in focal embolic stroke of rats. Importantly, the risk of intracerebral hemorrhage was also significantly reduced. These beneficial effects on infarct volume, hemorrhage, and mortality suggest that rA2 might safely augment the efficacy and lengthen the treatment window of tPA stroke therapy. Figure 4 Effect of tPA alone or in combination with rA2 on plasma levels of D-dimer. Plasma samples were collected before ischemia, just before thrombolytic therapy, and 1 h after treatment. Concentrations of D-dimer in plasma were quantified by ELISA analysis. Data were expressed as mean + s.e.m., *P < 0.01 versus ischemia, # P < 0.01, n = 6 per group.
Figure 5 MMP activation in ischemic brains from rats treated 4 h after stroke onset. At 24 h after stroke onset, we performed in situ zymography to examine MMP activation in ischemic brains at delayed 4 h treatments. In the cortex of the periinfarction zone, brains from animals treated with tPA alone showed brighter activated MMP signals compared with saline treatment, but the combination of low-dose tPA plus rA2 had similar or even slightly less positive signals compared with tPA alone treatment. Similar observations were obtained from three individual experiments.
As the combination of tPA and A2 may generate amounts of plasmin that are equal to or greater than those produced with high-dose tPA alone, one concern is that this regimen might cause side effects similar to those seen with high-dose tPA. Both tPA and plasmin are serine proteases, they can initiate microglial activation (Gravanis and Tsirka, 2008; Sheehan and Tsirka, 2005) , trigger MMP activation, and extracellular proteolytic dysfunction (Gravanis and Tsirka, 2008) . To address this concern, we performed in situ zymography to examine MMP activation in ischemic brains at delayed 4 h treatments. At 24 h after stroke onset, increased MMP activity in ischemic brain area was observed in all three groups, but the combination treatment did not increase MMP activity in ischemic brain above that seen with tPA alone. Furthermore, a number of reports have suggested new strategies for reducing the tPA dose, but enhancing plasmin generation or activity to improve safety of tPA thrombolytic therapy. These include the findings that (1) local infusion of plasmin into the thrombus does not cause excessive bleeding within six-fold greater than the effective thrombolytic dose of tPA used (Marder et al, 2001) ; (2) antiplasmin quickly (in 1 sec) neutralizes plasmin that appears in the circulation (Marder et al, 2001) , whereas tPA has longer half life (4 to 5 mins), and can cross the blood-brain barrier, whether damaged or intact, through low-density lipoprotein receptor-related protein-dependent and independent mechanisms, further weaking blood-brain barrier integrity and worsening brain damage (Benchenane et al, 2005; Yepes et al, 2003) ; (3) tPA can induce plasmin-independent MMP-9 up-regulation and microglia activation in stroke animal models (Aoki et al, 2002; Zhang et al, 2009 ). In addition, initial experimental evidence suggested that rA2 administration alone in vivo has not exhibited any organ specific or systematic complications (Ishii et al, 2001; Tanaka et al, 2007) . These data, together with findings from this study, suggest, but do not prove, that optimization of the tPA-mediated fibrinolytic process may greatly improve the efficacy and safety of this form of stroke therapy. It is clear that safety issues will need to be carefully investigated before any future preclinical evaluation.
Studies from other investigators have attempted to develop different new approaches for tPA combination therapy in animal stroke models. These have shown a reduction in intracerebral hemorrhage and brain damage by combining tPA with certain reagents (Armstead et al, 2006; Asahi et al, 2000; Cheng et al, 2006; Lapchak et al, 2002; Pfefferkorn and Rosenberg, 2003; Strbian et al, 2007; Zhang et al, 2003 Zhang et al, , 2006 , suggesting that many mechanisms contribute to the deleterious effects of tPA. If successful, the combination of rA2 plus low-dose tPA might therefore synergize other combination approaches to further optimize tPA-based thrombolytic therapy. Furthermore, as tPA is broadly used in treating a range of thrombotic disorders, besides acute ischemic stroke, this new combination approach for lowering the minimum effective tPA dose may improve thrombolytic treatments for other conditions such as acute myocardial infarction, pulmonary embolism, deep venous thrombosis, and thrombosed catheters, and lysis of intracerebral hematomas.
However, there are several limitations for this study. One limitation was that we were unable to determine the plasmin concentration in rat plasma due to the lack of reliable quantitative assays. In the circulation, newly generated plasmin is quickly neutralized by plasma a-2-antiplasmin, resulting in the formation of an inactive protease-inhibitor complex. Although commercial ELISAs for plasmin-a-2antiplasmin complex provide an index of the rate of plasmin generation, these assays were not available for the rat plasmin-a-2-antiplasmin complex, and the available human assays are not reliable due to high nonspecific baselines (data not shown). To address Figure 6 Three days neurological outcomes in rats treated at 4 h after stroke onset. (A) Two groups of rats were treated intravenously at 4 h after stroke with either saline, or a combination of low-dose tPA (2.5 mg/kg, L-tPA) plus rA2 (5 mg/kg). Three days after stroke, neurological scores were significantly improved in treated rats. (B) Ischemic infarctions on H&E-stained sections were quantified using computer-assisted image analysis. Infarction volumes were significantly reduced in the treated rats. *P < 0.05, n = 8 for saline, n = 11 for the combination.
this problem, we evaluated the thrombolytic profiles in the delayed treatment group by examining plasma levels of the fibrin degradation product D-dimer. Degradation of cross-linked fibrin, which is enriched in thrombi, produces a number of fragments containing the D-dimer epitope, an indicator of the extent of fibrin clot lysis. ELISA data showed that both H-tPA and L-tPA plus rA2 significantly increased D-dimer levels after treatments, but it was significantly higher in the combination group compared with H-tPA alone. These data suggested that this combination was pharmacologically more effective and specific for fibrin clot lysis, and further supports the idea of improved plasmin-dependent fibrinolysis. In fact, it is tempting to speculate that increased efficiency of fibrinolysis by the rA2-tPA combination might even generate more plasmin locally in the clot site. Earlier findings have shown that annexin A2 accelerates the activation of plasmin by complexing with tPA and with the plasmin precursor plasminogen, which binds the endothelial cell surface and is enriched in the clot (Hajjar and Krishnan, 1999; Sakharov and Rijken, 1995) . Therefore, combination of tPA plus rA2 might locally bind plasminogen and consequently amplify plasmin generation in the vicinity of the clot, resulting in more effective fibrinolysis where it counts.
One more limitation was that we only examined infarction and neurologic outcomes of the combination treatment at 1 and 3 days after stroke. It remains to be rigorously determined whether the acute neuroprotection may sustain for longer periods in neurofunctional and tissue recovery, and how it interfaces with tPA effects in delayed times post-stroke.
Finally, the molecular mechanisms of the combination are incompletely understood from the results of this study. However, there are a number of mechanisms that may be speculated. First, rA2 may optimize tPA stroke therapy by increasing the thrombolytic efficacy of tPA to benefit reperfusion, while reducing its associated neurotoxicity and hemorrhagic complications. Experimental and clinical studies have well demonstrated the tPA-dose dependent side effects of hemorrhage and neurotoxicity (Kaur et al, 2004; Wang et al, 1999) . Theoretically, by lowering tPA dose in combining with rA2, it might reduce higher dose tPA-mediated neurotoxicity if equal or greater thrombolytic activity can be achieved. Second, our central idea is based on a well-established basic concept that biologically tPA converts plasminogen to clot-dissolving plasmin efficiently relies on fibrinolytic assembly via a triple complex formation of tPA-annexin A2-plasminogen (Hajjar and Menell, 1997) . However, clinically given large amount of tPA alone but lacking fibrinolytic assembly of tPA-annexin A2-plasminogen complex formation, which makes tPA-converting plasminogen to plasmin insufficiently, resulting requirement of higher tPA dose for reperfusion, but clinically even within 3 h time window, reperfusion efficacy was insufficient with recanalization rate of about 50% during the first 6 to 24 h, among them about a third of cases had reocclusion (tissue plasminogen activator for acute ischemic stroke. The National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group, 1995) . Thus, the rA2 plus low-dose tPA combination may improve recanalization and cerebral blood flow recovery. Third, despite clot lysis and reperfusion, experimental studies using advanced 'closed cranial window technique' have clearly shown that exogenous tPA may impair physiological responses of cerebral vasodilatation to hypoxia/ ischemia, and as well cause vasoconstriction after hypoxic/ischemic injury in a dose-dependent manner (Armstead et al, 2005 (Armstead et al, , 2009 Nassar et al, 2004) . So by lowering tPA dose, the combination might eliminate tPA direct vasoactivity effect. Fourth, disturbed extracellular proteolysis after stroke targets multiple brain cells, cell-cell communication and matrix integration within the neurovascular unit . Emerging experimental evidence have documented that extracellular proteolysis dysregulation represents a key pathological cascade underlying blood-brain barrier disruption and hemorrhagic transformation after ischemic stroke and tPA thrombolysis Lo et al, 2004; Wang et al, 2004 Wang et al, , 2008 . Our data showed that the combination reduced high-dose tPA-induced MMP activity elevation ( Figure  5 ), suggesting rA2 plus low-dose tPA might attenuate tPA-associated dysregulated neurovascular matrix proteolysis and blood-brain barrier damage (Wang et al, 2008) . Finally, by improving blood flow and decreasing neurovascular side effects, rA2 plus lowdose tPA combination might lead to brain tissue salvage and improved long-term functional outcomes. There may be more mechanisms involved, all together with anticipated translational aspects of the combination need further investigations.
In summary, this study shows that addition of the 'tPA amplifier' rA2 can decrease the effective thrombolytic dose of tPA, reduce hemorrhage and brain infarction, and prolong the reperfusion time window for stroke. Our present findings provide a promising new approach for enhancing tPA thrombolytic stroke therapy.
